Within the present investigations, an in-mould inoculation method for ductile cast iron with elevated silicon contents was developed. The inoculation process takes place at the interface between the mould's surface and the melt. The application of a mould wall inoculation process allows inoculation at the latest possible point in time, which means high efficiency due to reduced fading effects. For this purpose, various inoculant suspensions are produced, containing inoculants in different amounts and grain fractions. The inoculant is applied to the surface of a PEP SET TM -bonded moulding material by means of an airpressurized spraying pistol. The specimen geometry used in the tests is a 5-stepped wedge, which represents wall thicknesses in the range of 5-40 mm. For a total of 8 castings, inoculant fractions in the spectrum of 0-25 and 0-45 lm are used to produce the solid solution-strengthened grade EN-GJS-500-14 that is specified in the European standard EN 1563. Metallographic investigations show that a complete solidification according to the stable system can be adjusted in the investigated wall thicknesses by inoculation with grain fractions of 0-25 lm.
Introduction
Modern cast iron grades of solid solution-strengthened ductile cast iron were incorporated into the European Standard EN 1563 in 2012. These are primarily characterized by their elevated silicon content, ranging from 3.2 to 4.3wt.% Si. Björkegren et al. 1 showed that an increased silicon content leads to a fully ferritic matrix, which results in both improved machinability and very good static mechanical properties. According to Löblich, 2 this is due to a more homogenous hardness distribution within the matrix. Furthermore, this alloy concept results in a widening of the interval between metastable and stable eutectic temperature. For this reason, the tendency to metastable eutectic solidification and the formation of cementite is significantly reduced. By alloying elevated silicon contents from 3.2 to 4.3 wt.%, significantly higher elongations can be achieved at the same tensile strength. In particular, Björkegren et al. 3 showed that by alloying with 3.74 wt.% Si elongations at fracture of 14% can be achieved at a set tensile strength of 500 MPa. Compared to conventionally ferritic-pearlitic cast iron grades, this means an increase in elongation at fracture of 100% without loss of strength. The specifications for the material grade EN-GJS-500-14 according to the European Standard EN 1563 are given in Table 1 . 4 Weiß et al. 5 point out that due to alloying with alternative solid solution strengthening elements such as aluminium and nickel, the mechanical properties of these alloys can be further increased. Grades of high-silicon ductile cast iron are therefore particularly qualified for the use in higher loaded components and lightweight applications. Consequently, high-silicon ductile iron grades are assumed to be specifically suitable for the production of components with thin wall thicknesses.
Due to high undercooling in the production of castings with thin wall thicknesses, inoculation is an important metallurgical process step in order to ensure a stable solidification. Pearce captures the effect of the inoculation in his paper: by adding nuclei to the melt, the undercooling that is necessary for the precipitation of graphite is minimized. 6 Consequently, the heterogeneous nucleation of the graphite during eutectic solidification is promoted, which allows formation of a carbide-free microstructure. During inoculation, mainly iron-silicon (FeSi)-compounds are immersed into the melt that shift the local thermodynamic equilibrium in a two-phase region of austenite and graphite. Lekakh et al. 7 state that the local silicon content in the direct vicinity of graphite nuclei rises up to about 6 wt.%. Consequently, the precipitation of graphite clusters is promoted in relevant temperature ranges from about 1300 to 1500°C.
According to Stefanescu et al., 8 the carbon precipitating as graphite nodules during stable eutectic solidification is rapidly surrounded by a closed austenitic halo due to carbon depletion in the vicinity of the nuclei. As the solidification progresses, decoupled growth takes place, since the graphite is not in direct contact with the remaining liquid. Therefore, the carbon must diffuse through the solidified austenite halo. This leads to a significantly lower growth rate of the eutectic compared to cast iron with lamellar graphite. Therefore, under the same cooling conditions, a higher nucleus density is required in spheroidal graphite cast irons to ensure complete solidification according to the stable Fe-C system.
On the one hand, it must be ensured that the inoculant has sufficient time to dissolve, which is also referred to as incubation time. 9 On the other hand, inoculation must be sufficiently effective. Pearce claims in his paper that it is generally known that the inoculation effect decreases over time, which is known as fading effect. 6 In order to increase the efficiency of the inoculation process and thus to ensure maximum economic benefits, the aim should be to inoculate at a time shortly before the beginning of eutectic solidification. Approaches of in-mould inoculation methods, like they were conducted by Labrecque et al. and Ojo et al. 10, 11 in which sintered pieces of inoculants are placed in the casting system, offer the possibility of reducing this fading effect. In order to further minimize the fading effect, in the present investigations the inoculation is not carried out in the casting system, but rather at the mould's cavity surface.
The interface between melt and moulding material offers the opportunity to modify the microstructure just before the start of the solidification. From studies that have been carried out in the past, it is known that the casting skin of ductile iron can be influenced by the selective modification of the interface melt-moulding material. In investigations carried out by Ivan et al., 12 a casting skin containing degenerated graphite could be obtained in ductile iron by the selective use of a sulphur-containing coating. Studies by Kutz et al. 13 showed that the iron matrix of the degenerated graphite layer could be specifically influenced by using a sulphur core coating without changing the graphite morphology of the casting skin at the same time. The use of coatings containing desulphurizing compounds such as MgO, on the other hand, led to a reduction in graphite degeneration in the area of the casting skin. 12, 14 Boonmee et al. 15 found that coatings containing ferrosilicon decrease the thickness of the casting skin, in particular in medium and high CE ductile irons, whereas graphitecontaining coatings lead to a significant reduction in the casting skin thickness, especially in low CE ductile irons. According to studies conducted by Qing et al., 16 also parameters such as the pouring temperature, the position of sulphur-modified core inserts within the mould and chilling effects have a significant effect on the graphite degeneration layer in ductile iron.
The approaches described above can be summarized as techniques of surface layer metallurgy which focus mainly on the modification of the casting skin. However, the method of an inoculation via the mould's surface aims at the holistic modification of the microstructure. Investigations carried out by Fischer et al. 17 show that it is possible to successfully inoculate lamellar graphite cast iron using mould wall inoculation processes. In these studies, a complete stable eutectic solidification of a hypoeutectic lamellar graphite cast iron melt could be achieved in wall thicknesses ranging from 10 to 40 mm. The authors studied various inoculant suspensions consisting of inoculants in different grain fractions and quantities, water and a 60 \ t To be agreed upon between the manufacturer and the purchaser suspending agent and applied them to the surface of the mould. The investigated grain sizes of the inoculant ranging from 0-25 to 0-45 lm were used as secondary products that result from the production of conventional inoculants. Usually, these grain fractions are no longer used and are therefore available for low costs, which means high economic advantages. However, there have been no studies about the application of mould wall inoculation processes to modern grades of SGI. In order to close this current research gap, the inoculation method is applied to solid solution-strengthened nodular cast irons.
In order to apply mould wall inoculation techniques to high-silicon ductile cast iron, the grade EN-GJS-500-14 according to the European standard EN 1563 was produced in a total of two melts. The carbon equivalent (CE), calculated by Eqn. 1, was set to eutectic (4.3 wt.%) composition. The average chemical composition of the melts is given in Table 2 .
Experimental Procedure
An inoculant based on aluminium and calcium as the main nucleating elements was chosen. The inoculant's chemical composition measured by wet-chemical and electron microscopic analyses is given in Table 3 . In order to investigate the effect of different grain fractions and amounts of the inoculation agent, the powdered fractions that accrue during conventional production were classified by means of sieving and grinding. In this way, two different inoculant grain fractions (0-25 lm and 0-45 lm) were produced. The morphology of the inoculant was then studied by using electron microscopic methods. Different inoculation suspensions consisting of water as the carrier medium, a suspension agent and grain-classified inoculant were then prepared. An overview of the investigated inoculant suspensions is given in Table 4 . Based on the maximum mixability of the different inoculant grain sizes in the suspension, maximum inoculant contents for each suspension were chosen. The amount of the suspension agent was constantly held at 3 g for each of the suspensions. The total weight of inoculant suspension that was sprayed onto the mould depends on the inoculant grain size and varies from 2.28 to 3.23 g. After mixing of the components using a motorized mixer for about 2 min, the different inoculant suspensions were sprayed manually onto the mould's cavity surface by using an air-pressurized spraying pistol. In order to verify the quantity of the sprayed inoculant, spray tests were carried out on standardized paper samples with a defined area before the casting tests. By weighing the samples, the sprayed amount of inoculant changing in the different grain fractions and varying inoculant amounts could be determined. By setting constant parameters such as a spraying distance of 20 cm, an angle of about 45°as well as the spraying time and a spraying pressure of 1.8 bar, comparability among the trials was ensured. As a casting geometry, two 5-stepped (5 mm, 10 mm, 20 mm, 30 mm and 40 mm) wedges with a constant width of 50 mm and length of 250 mm were cast per sand mould, as shown in Figure 1 . A completely uninoculated step wedge was produced, which served as a reference for assessing the original nucleus level in the melt. The moulding material used for building the sand moulds consisted of PEP SET TM -bonded silica sand with 0.8 wt.% of each binder and hardener.
After drying of the inoculation suspension, the moulds were prepared for casting. Raw materials consisting of return cast iron, pure iron and ferrosilicon (FeSi) were prepared and melted in a 50-kg medium-frequency induction furnace using a graphite crucible. This was followed by overheating to 1500°C and holding this temperature for about five minutes in order to remove impurities from the melt. After deslagging of the melt, magnesium treatment with a cerium-free magnesium master alloy at about 1430°C was performed using a plunger. A cerium-free magnesium master alloy was chosen in order to prevent the formation of chunky graphite. Four moulds with different inoculation settings were cast per heat at a pouring temperature of 1370-1350°C. The results were generated from a total of two melts which are subjected to process deviations and can therefore have an influence on the investigated microstructural parameters. Since, however, charging material from one batch with a constant chemical composition was used and the furnace processing was controlled very precisely, it can be assumed that the process variations were minimized and the basic nucleus level of the melts can be regarded as constant.
From the step wedge produced, one metallographic specimen per step was separated from the middle of each section by using a water-cooled cut-off saw; see Figure 2 . After subsequent embedding of the samples, metallographic preparation was conducted by grinding with 180, 320, 500 and 1000 grid SiC paper and polishing by using diamond suspensions with particles of 9, 3 and 0.25 lm. The samples were then studied with regard to their microstructure using light microscopic investigations. Images of 100x magnification were then analysed via automated image analysis using the software AxioVision. Besides studies regarding the graphite phase (nodule count and nodularity) in different wall thicknesses and at varying inoculation settings, Nital etchings were carried out in order to reveal the pearlite fraction for selected specimens. For the evaluation of the graphite phase, particles with a particle area of smaller than 20 lm were not taken into account during automated image analysis.
Results and Discussion
Inoculant Analysis Figure 3 shows the morphology of the two inoculant grain fractions that were studied. Due to milling of the inoculant grain size of 0-25 lm, the morphology of the inoculant seems to be finer and rounded, whereas the morphology of the 0-45 lm inoculant is flakier. Figure 4 shows the formation of the graphite phase determined by means of light microscopic images in the uninoculated state and for inoculations with the grain size of 0-25 lm for the studied wall thicknesses 5-40 mm. The analysis of the unetched samples shows that the size of the precipitated graphite nodules tends to be larger in the uninoculated sample than in mould wall-inoculated samples. This indicates a lower inoculation level in the reference sample, which results in higher amounts of carbon diffusing to each nucleus.
Graphite Analysis
The highest nodule count can visually be achieved by inoculation with 70% in the grain size of 0-25 lm in suspension, especially in thin wall thicknesses (5 and 10 mm), which is due to a higher undercooling during solidification. If the inoculant content is increased to 80 or 90%, a lower nodule count can be determined. Due to a higher inoculant content, a layer of undissolved inoculant emerges on the surface of the casting, so that an incomplete dissolution of the inoculant and thus an insufficient inoculation effect occurs during mould filling, as indicated in Figure 5 . In the industrial process, this layer of undissolved inoculant would be problematic during unpacking, as the residues accumulate in the operating sand. This would therefore have to be reclaimed with great effort. In addition, due to the high iron content of the inoculant, the undissolved inoculant acts as a chill layer which increases the actual cooling rate and thus promotes the formation of ledeburite and pearlite. An effective inoculation in these cases is therefore excluded. Figures 6 and 7 show the graphite parameters nodularity and nodule count for the reference sample and the samples inoculated with 0-25 lm inoculant suspensions. When considering the nodularity, the trend towards higher nodularity at lower cooling rates can be observed in all test series, i.e. independent of the inoculant grain sizes that are studied. This clearly does not correspond to the expectations, since a lower nodule count, as it occurs in elevated wall thicknesses, is associated with a lower nodularity at a constant graphite content. Measurements of the residual magnesium content in the individual wall thicknesses have not shown any differences so far. For this reason, this phenomenon is attributed to the cut-off value for the graphite particle area that was set to 20 lm during automated image analysis.
Due to the incomplete dissolution of the inoculant at an inoculant content of 80 or 90%, the nodule count in all wall thicknesses is only increased by about 50-70 nodules per mm 2 compared to the reference samples. The inoculation with an inoculant content of 70% can be described as very successful due to a significant increase in the nodule count by about 500 nodules per mm 2 compared to the reference sample. This effect is particularly significant at higher cooling rates. However, if the wall thickness is at least 20 mm, this effect cannot be observed. Due to lower cooling rates in these wall thicknesses, a stronger fading effect occurs, which reduces the inoculation effectiveness. Further investigations will focus on lower inoculant contents of this grain size in order to define a critical inoculant for the production of fully grey solidified microstructure with high nodule counts. Figure 8 compares the microstructure of the reference and of samples inoculated with 0-45 lm grain size inoculant. From the images, it can be seen qualitatively that an increase in the nodule count can also be achieved by using the grain size 0-45 lm. The use of 60% inoculant in suspension tends to result in a higher nodule count compared to the uninoculated state. The nodule count decreases in all series of studies with increasing wall thickness which is attributed to lower cooling rates. Due to lower cooling rates, the undercooling during eutectic solidification is decreased, which means more time for the carbon to diffuse towards graphite nuclei. At a constant amount of carbon in the melt, the formation of less graphite nodules is the result. In contrast, by using mould wall inoculations smaller nodule sizes seem to be achieved, which is due to lower undercoolings during eutectic solidification. In smaller wall thicknesses, the inoculation has a positive effect on the nodule count, which indicates a cooling rate that is high enough to prevent fading of the inoculant in this grain fraction. The trend towards lower nodularity in thin wall thicknesses is also evident in this test series. In uninoculated samples, the nodularity is lowest at 63% in 5 mm and increases to 87% in 20 mm. By inoculation with the grain size 0-45 lm, a higher nodularity particularly in thin wall thicknesses can be achieved. In 5 mm, a nodularity of approx. 79% is obtained at an inoculation with 60% inoculant in suspension, which remains widely constant over the investigated range of wall thicknesses. By using 70% inoculant in the applied suspension, however, no significant increase in nodularity can be achieved. Compared to inoculations with the 0-25 lm grain size fraction, a higher nodularity tends to be achieved by using inoculants with 0-45 lm grain size, independent of the wall thickness that is investigated. The nodule count in the uninoculated reference sample is highest at approx. 320 1/ mm 2 at a wall thickness of 5 mm and decreases to approx. 190 1/mm 2 when the wall thickness is increased to 40 mm. An inoculation with 70% inoculant of the 0-45 lm grain size does not increase the nodule count. By inoculation with 60% inoculant in suspension, an increase in the nodule count to approx. 440 1/mm 2 can be observed, especially in 5 mm. The results obtained from the graphite analysis are summarized and compared with each other in Figure 11 .
Pearlite Analysis Figure 12 comparatively shows the formation of the matrix phase in different wall thicknesses for the inoculant grain sizes 0-25 and 0-45 lm. While the reference sample at a wall thickness of 5 mm shows significant amounts of white solidified areas, all samples inoculated with a grain size of 0-25 lm are fully grey solidified. This confirms the results of Fischer et al. 17 and further provides the indication that a complete solidification according to the stable system is possible also for SGI and down to wall thicknesses of 5 mm when mould wall inoculation processes are applied. However, the microstructure of the 5 mm sample shows low amounts of metastable solidified areas. Therefore, inoculation with an inoculant grain size 0-45 lm in 5 mm does not result in a complete stable eutectic solidification with the formation of graphite.
As indicated in Figure 13 , an average pearlite content of about 48% is measured in 5 mm in the reference sample, which decreases to about 25% when the wall thickness is increased. Minimum pearlite contents of approx. 17% can be measured in a wall thickness of 5 mm when applying a mould wall inoculation with 70% of the grain size of 0-25 lm in suspension. This clearly correlates with the significant higher nodule count observed from the graphite analysis. The precipitation of many nodules during the eutectic solidification results in very short carbon diffusion paths. The formation of ferrite is a result of carbon depletion in the direct vicinity of the graphite nodules. A formation of pearlite is thus inhibited in these areas. If the inoculant content is increased to 80 or 90%, no further reduction in the pearlite content can be observed. The reason for this is reduced inoculation effect due to insufficient dissolution of the inoculant. Additionally, the ferritizing effect of the silicon in the inoculant is eliminated, too. For this reason, further investigations will be focused on lower contents of inoculant with a grain size of 0-25 lm. By inoculation with the grain size 0-45 lm, the pearlite content can be reduced in all wall thicknesses compared to the uninoculated state. A pearlite content of approx. 34% is achieved by using 60% inoculant in suspension in 5 mm. When the fraction of inoculant is increased to 70%, however, no further decrease in the pearlite content is observed. In 10 mm, minimum pearlite contents of about 19% can be achieved with both inoculant grain sizes. If the wall thickness is further increased, no difference in the pearlite content between the individual inoculations is detected. Due to the larger mean diameter of the inoculant particles in the 0-45 lm grain fraction, a longer incubation time of the inoculant is required to provide a maximum inoculation effect. A maximum inoculation effect is therefore achieved at lower cooling rates, as they occur in wall thicknesses of 20 and 30 mm. For this reason, the grain size 0-25 lm is particularly suitable for wall thicknesses of 5 and 10 mm, while larger grain fractions are to be preferred for elevated wall thicknesses in the range of 20-40 mm.
According to the European standard EN 1563, a maximum pearlite content of 5% is specified for high silicon grades of ductile iron. The adjustment of a maximum pearlite content of 5% could not be ensured in wall thicknesses below 30 mm by applying mould wall inoculation methods. Due to shorter incubation times, it is assumed that the grain size 0-25 lm is ideally suited for the inoculation of melts in thinner sections of 5 and 10 mm. A maximum inoculant content of 70% should be applied in order to obtain a complete dissolution of the inoculant at the investigated casting temperatures.
Based on the results observed, the inoculation method presented here is proposed to be a time-and thus costsaving process step for the production of conventional ferritic-pearlitic SGI, where higher pearlite contents are desired. In this context, the application of the inoculation methodology to lower wall thicknesses of 2 mm is intended in further studies. In addition, the application of this inoculation method to conventional coatings in the production of ductile iron offers the possibility of developing metallurgical coatings for critical parts of the mould. In this way, critical parts of the component can be treated prior to casting in order to obtain selective solidification of the melt.
Conclusions
Based on the results obtained from an innovative inoculation method via the mould wall for high-silicon ductile iron, the following aspects can be concluded.
• In wall thicknesses of down to 10 mm, the application of mould wall inoculation processes leads to a fully stable solidification of high-silicon ductile iron. • A mould wall inoculation with the inoculant's grain size of 0-25 lm leads to a fully solidification according to the stable system in all investigated wall thicknesses. Mould wall inoculation processes with small inoculant grain sizes (0-25 lm) are therefore ideally qualified for the production of thinner walled ductile iron (5 mm) castings. • Maximum pearlite contents of 5% according to the European Standard EN 1563 cannot be fulfilled due to higher cooling rates particularly in thin wall thicknesses. • The development and application of mould wall inoculation processes provide to be a promising tool for the production of conventional ductile iron, where elevated pearlite is desired. • The method of mould wall inoculation offers the possibility of transfer and application to metallurgical coatings in order to inoculate critical component areas (thin wall thicknesses) shortly before solidification.
Based on the results obtained in this study, it can be summarized that mould wall inoculations with a grain size of the inoculant of 0-25 lm represent a suitable metallurgical tool for reliably achieving stable solidification of high-silicon SGI in wall thicknesses of 5-40 mm. It is therefore assumed that this innovative inoculation technique represents an appropriate method either as a single or additional inoculation step in order to produce components of high-silicon ductile iron even in lower wall thicknesses.
